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TESTS OF CENTRIFUGAL PUMPS. 



*B. P. Fleming and J. B. Stoneking 

INTRODUCTION. 

In "a series of tests of various pumping plants made through 
the territory in 1908-1909* the attention of the writers was directed 
to the relatively low efficiencies attained in all of the centrifugal 
pumps tested. Although every care was taken in these tests to 
eliminate errors, it was feared at the time that some unknown 
condition might have contributed to the low efficiencies found, 
since the plants were operated under regular running conditions, 
which of course made it impossible to control causes as effectively 
as may be done in a laboratory test or where precautions may be 
taken to eliminate unknown conditions and uncertainties. Con- 
sequently it was resolved to run, as soon as opportunity allowed, 
a series of tests of such stock sizes of pumps as are ordinarily 
used in small centrifugal pumping plants, making such measure- 
ments as are necessary from a strict mechanical and hydraulic 
standpoint, to enable efficiency to be determined. It was hoped that 
such tests would clear up definitely the questions, first as to what 
are the efficiencies to be attained under the most favorable condi- 
tions of operation, and second, as to what are the characteristics of 
such stock pumps. The investigation reported upon in the follow- 
ing pages was, therefore, conducted during the fall and winter 
of 1909-1910. Use was made of considerable of the equipment 
employed in the tests reported upon in Bulletin 45 of this station 
but the methods were entirely different. Mr. B. P. Fleming, M. 
E., planned and started the work and has had general supervision 
of it, together with the writing of the present report. Subsequent 
to his retirement from active connection with this institution, the 
laborious details of the tests and computations have devolved upon 
Mr. J. B. Stoneking, M. E. 

♦Mr. Fleming is now head of the Department of Mechanical Engi- 
neering at the State University of Towa, Iowa City, Iowa. 
♦(See Bulletin 73 New Mexico Experiment Station). 
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CONCLUSIONS. 

For the convenience of those not interested in following through 
the tests in detail, the conclusions reached are stated below. It 
may be said at this point that nothing perhaps new or startling 
has been revealed by the results but it is thought that the con- 
clusions reached are amply justified by the facts revealed by the 
tests and it is earnestly hoped that some of the misapprehensions 
now apparently existing in the minds of pumping plant owners 
regarding the behavior and performance of centrifugal pumps may 
be removed. Statements made as to the characteristics of centri- 
fugal pumps will probably present nothing of novelty to engineers 
familiar with such machinery but the relatively low efficiencies 
attained in these tests may, it is hoped, direct the attention of 
manufacturers and others to the improvement of the common irri- 
gating pumps and to the more general dissemination of informa- 
tion through their circulars and catalogs of the importance of 
operating pumps under conditions making for higher efficiencies. 

(1) The capacity of a centrifugal pump is a variable, depend- 
ing upon the speed at which it is run and the total head against 
which it operates. Conversely, every centrifugal pump when run 
at a certain speed will give a certain discharge at a certain head. 
If the speed be increased with the head constant, the discharge 
will be increased according to a definite law, and if the speed be 
constant and the head decreased, the discharge will generally in- 
crease. But every pump . has certain conditions under which it 
works best as shown in the following conclusion : 

(2) Every centrifugal pump has a definite head for different 
speeds at which it operates most economically from the standpoint 
of fuel cost, and in order to force the water to this head this speed 
should be used if, as is frequently the case, the cost of power is the 
most important factor in the total cost of operation. 

(3) The ratings of centrifugal pumps as given in the manufac- 
turers catalogs or circulars are incomplete and often misleading 
in the determination of the proper size of a centrifugal pump for 
a given lift and capacity. In some cases the rating is apparently 
based on the maximum quantity of water the pump will discharge 
which may be at a very high speed and low head. Very frequently 
the rating is given in terms of "economic capacity", which is prob- 
ably a term of doubtful meaning. Instead of rating pumps bv 
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the so-called "economic capacity," it would greatly add to the ad- 
vantage of the prospective purchaser if the manufacturer should 
publish tables or exhibit curves based on reliable tests from which 
one might choose the size of pump and determine the speed which 
would give the greatest economy or highest efficiency for the desired 
discharge at the given head.- 

(4) Centrifugal pumps of the types and sizes used in small 
irrigation pumping plants are machines of markedly low efficiency* 
as usually operated, and in figuring on the power requirement with 
ordinary stock pumps, one must expect that from one-half to two- 
thirds of the power of the engine or motor will be wasted in water 
friction and churning effects within the pump and in mechanical 
friction in its bearings and stuffing boxes. 

(5) Large pumps show better efficiencies than small ones, hence 
it may be better to use a pump of over rather than under size, 
other conditions being the same. 

(6) The outlet angles of the impellers of small pumps prob- 
ably have not as much effect on their efficiency as have the shape 
of the discharge chamber and clearance spaces. For a given dis- 
charge and speed, the head 'through which water may be pumped 
increases with the angle of the vane. There is, however, a certain 
angle at which the pump will show the greater efficiencies through- 
out a range of heads. 

(7) The characteristic, that is the relation between head, dis- 
charge, and speed of a centrifugal pump, may be expressed within 
a satisfactorily close approximation, by a mathematical expression 

-of the followin'g form. 

KJW 2 K 2 Q 2 K 8 D N Q cos a 

h= 



2g 2gA* 2gA 

in which=total head including friction through which the pump 
will elevate water. 
2g= twice the acceleration due to gravity — 64.4 
D= diameter of impeller in feet. 
N= speed in Eevolutions per Minute. 
A= total area of water ways through impeller in square feet. 

♦For definition of efficiency and method of computing same see page 
20 bulletin and page 6 Bulletin 73 of this station. 
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Q= quantity of water pump will discharge in gallons per minute 
or cubic feet per second. 

a = angle made by impeller vane with tangent to rim of impeller, 
and 

Ki — K2 — K 8 are constants which vary in sign and amount 
with the type of impeller, shape of discharge chamber and clear- 
ance spaces of the pump, and which may thus apply only to the 
pump for which they were determined. A factor making the 
equation applicable to any pump may be possible of determination 
when the nature and variation of the losses occurring within the 
pump are more definitely known. 

Equations for thre§ of the pumps tested were derived and^are as 
follows: 

2£" Pump, Serial No. 1— h=.00366 D 2 N 2 — 9.15 Q 2 

~W ~2gA? 

.0091 DNQ cos cc 
~^gA 
4" Pump, Serial No. 3— h=.003355 D 2 N 2 — 9.31 Q 2 



2g 2gA 2 

.00947 DNQ cos oe 
2gAT 
4" Pump, Serial No. 10— h=.00336 D 2 N 2 — 2.949 Q 2 



2g 2gA 2 

.0208 DNQ cos a 
~^gA 

A further discussion of these equations is given later, see page 76, 
The following table gives a summary of the results obtained with 
the ten centrifugal pumps tested. The particulars by which the 
pump is described and by which it may be identified are given on* 
page 14. The results of tests on each pump and the curves of dis- 
charge, head, horse power and efficiency are given in the body 
of the report. 
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From this table it may be seen that even with the highest effi- 
ciencies attained by these tests there is represented a loss in useless 
friction and churning effect of nearly 50 per cent of the power 
applied to the pump. The results were obtained by running the 
pump at a series of constant speeds so that it is of course possible, 
though scarcely likely, that there may have been intermediate 
speeds at which higher efficiencies could have been obtained. The 
highest speed, in the case of the smaller pumps was that at which 
it seemed safe to operate them. In the case of the larger pumps, 
the higher speeds were limited by the power available so that we 
can say nothing regarding the efficiencies at higher speeds than 
those at which we operated. It is probable, however, that pumps, 
Serial Nos. 7 and 9 would have given much higher efficiencies at 
higher speeds. In a few instances as will be noted from the table, 
the makers rating was equal to or came below the discharge which 
under our tests was shown to occur at the condition of maximum 
efficiency. The rating in a few instances exceeds the maximum 
quantity which could be pumped by the particular pump with our 
available power (a motor capable of delivering about 20 H. P. 
on over-load of short duration) so that although the pump may be 
capable of delivering the rated quantity or the pumps "economic 
capacity" it would require considerably more power than was at 
our disposal for the corresponding speed and head. The lesson to 
be drawn from this is that a pump should if possible be operated 
only under the conditions for whiGh it was designed or which exist 
when it is delivering somewhere near the quantity known as its 
"economic capacity." Thus in the case of pump Serial No. 8, it 
is probable as appears from the trend of the head-discharge curve 
(Diagram VIII. page 58) that for a speed of 750 R. P. M. a dis- 
charge of 1100 gallons per minute could have been obtained and 
as also appears from the trend of the efficiency curve the mechanical 
efficiency at this discharge might have exceeded that which could 
have been obtained at any other condition. It will be noted, how- 
ever, that the head at this discharge would be about 40 feet and 
the power required nearly 20 H. P. If therefore one was limited 
to 15 H. P. and yet desired to pump water through a 40 foot 
lift with the same pump it may be seen from the curve that the 
speed would have been about 675 E. P. M. the discharge would 
be about 780 G. P. M. and the efficiency about 52 per cent. - It 
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will be seen, therefore, that if only 15 H. P. is available for a 
40 foot head, it would probably be advisable to use a smaller pump 
or one or another make or type which has an "economic capacity" 
giving a maximum efficiency for 15 H. P. at 40 foot head. This 
method of selection for the highest economy is only possible when 
one has available a series of curves giving the characteristics of a 
pump. Such curves should be furnished by pump manufacturers 
generally instead of the entirely inadequate information usually 
found in their circulars or catalogs. Such curves relating to three 
sizes and as determined by one of the largest pump, manufacturers 
in this county are given on pages 72, 74, 75. It is published here as 
good example of up-to-dateness in the matter of pump rating and 
for the convenience of those to whom such curves are not generally 
available or understood. 

As a final conclusion, it may be said that the best pump for any 
given set of conditions is not necessarily the one giving the highest 
efficiency since the question is one involving all the various factors 
which enter into the cost of operation. Thus a pump of high effi- 
ciency might be more expensive than one of lower efficiency so 
that, if, as is not infrequently the case, the pump is used only 
a few months out of the year, the saving in fuel effected by the 
pump of higher efficiency may be more than balanced by the greater 
yearly interest charge. Again a pump of certain capacity might 
require a higher speed than another pump of similar capacity and 
the same or perhaps slightly lower efficiency. Other conditions 
being the same the pump of lower speed should be chosen because 
of its probable longer life. 

THE PUMPING PLANT, ITS LOCATION AND ECONOMICS. 

The pumping of water for irrigation purposes, from both under- 
ground and surface sources is destined in the not distant future 
to become of great economic importance over the entire arid west, 
and particularly in New Mexico. Here the presence of under- 
ground supplies at reasonable depth in the great river valleys and 
beneath certain mesas is certain in time to lead many persons 
desiring to take advantage of the favorable climatic conditions and 
cheap land, to construct individual or communistic irrigation pump- 
ing plants. Probably under certain favorable conditions of soil, 
location and water supply, no better investment is possible for 
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the man with a small ready capital, than the building of a pumping 
plant with a capacity sufficient to irrigate from 20 to 40 acres of 
land where the depth to water does not exceed 50 feet. Such land 
i& obtainable at low prices on the mesas bordering the river valleys 
and is particularly desirable where orchard fruits and garden pro- 
duce are raised with success, where for such products there is a well 
established market and where finally, land irrigated by gravity irri- 
gation systems can only be obtained upon payment of prices beyond 
the means of the average careful investor. In the valleys of the 
Rio Grande, Pecos, and Mimbre9 rivers such conditions already 
exist to some extent and it is in such localities as well as in the 
more promising "dry-farming" districts that the development of the 
independent pumping plant is most likely to occur. The central 
station electrical pumping plant system is a phase of the matter 
requring the most careful study of economic and engineering fea- 
tures by experts and will not be touched upon here. The private 
project should however not be entered upon by the person who 
does not possess some little experience in irrigation affairs so 
far as they relate to irrigation pumping at least, for as it has 
been our earnest endeavor to show in past bulletins of this station* 
the fixed charges and operating expenses of a pumping plant are 
so high under usual conditions that only by the most careful atten- 
tion to details of equipment and by the exercise of good manage- 
ment in the operation of the pumping plant as well as farm will 
the enterprise be made to pay or be found as profitable as the pre- 
liminary estimates might lead one to expect. 

THE SELECTION OF EQUIPMENT. 

In the matter of equipment it can scarcely be supposed that the 
person without special training will make a wise selection particu- 
larly as to the size and type of pump and motive power. As a mat- 
ter of fact most pumping plants are put in under contract with 
some firm supplying or dealing in machinery and the owner beyond 
the most general specifications is given, and probably deserves, but 
little opportunity to decide the character of machinery which is 
put into his plant. Moreover after the plant is put into operation 
the owner usually takes it for granted that the amount of water 
guaranteed by the contractor has been obtained and rarely under- 

*(See Bulletins Nos. 71 and 73) 
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takes to determine if the facts support this assumption. While 
undoubtedly unwise to make so general a statement, still it will 
probably be found to be not far from the truth, that in three-fourths 
of the pumping plants already built and in operation in New 
Mexico a careful measurement will show the actual capacity of the 
plant far below the rated or guaranteed capacity. This holds true 
of all types of pumping plants, but particularly of those provided 
with centrifugal pumps. It must, however, be said of this type 
of pump that serious though its shortcomings may be in this re- 
spect, it is at least from the standpoint of convenience, cost and 
capacity for a given weight, undoubtedly far superior to all others 
for irrigation work. That such pumping plants fail to come up 
to their guaranteed capacity is usually a source of much disappoint- 
ment to contractors who, however, cannot be blamed since the only 
available source of information upon which to base their estimates 
are the figures in the manufacturers circulars or catalogs, and the 
pump they select is the one which according to the manufacturers 
rating will give nearest the desired discharge under the given 
conditions. 

While useless perhaps to expect any immediate change in this 
matter, it is hoped that this bulletin will direct the attention of 
those upon whom the selection of pumping plant equipment de- 
pends, to the fact that a guaranteed capacity may actually be secured 
if the characteristics of a pump are known or may be interpolated 
from existing or available data. Thus the curves given later may 
be referred to and will probably be found of service in enabling 
one not only to select a pump which will give the best efficiency 
at the desired discharge and estimated head but will also show the 
speed at which the pump must be run to secure such a discharge 
at such a head. The engine horse power may then be determined 
from the curve and the proper size of driving pulley ascertained 
when the diameter of the pump pulley is known. A plant selected 
in this way will be found not only to give the amount of water 
guaranteed, but the fuel use will be as low as it is possible for it 
to be with the character of equipment used. For those who feel 
themselves inadequate to the 'task of making a proper selection 
of machinery, either by lack of understanding the problem or by 
reason of unusual conditions, ;it is in all cases advisable to put 
the question up to some reputable firm of pump manufacturers, 
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giving them all the information available or that they may desire 
and not specifying merely the quantity of water required. The manu- 
facturers will either select a stock pump best suited to the conditions 
or will get out a pump especially designed for the particular duty 
or service, and will recommend the speed at which it should be run 
and the engine horse-power required. Such a plant will likely 
cost a little more than the one independently selected but the higher 
efficiency usually secured from such a plant may well justify the 
greater expense. 

DISCREPANCIES BETWEEN RATED OR GUARANTEED AND 

ACTUAL DISCHARGES. 

As previously stated our attention was drawn to the discrepancy 
between the rated or guaranteed discharge and that actually found 
upon measurement by a series of tests of pumping plants under 
usual conditions of operation as made by this department in 1908- 
1909.* 

How serious in some cases such discrepancies were may be seen 
from the following table: 

TABLE II. 



Plant 
No. 



1 
2 
3 
4 
5 
6 



Size and Type of Pump. 



5 inch— vertical two stage 

6 inch— horizontal single stage 
8 inch— horizontal single stage 
5 inch— horizontal single stage 
5 inch— vertical single stage _. . 
4 inch— vertical single stage ._. 



Rated 
Capacity. 



G. P. M. 

700 
1000 

225 

700 
1000 

400 



Actual 

Measured 

Maximum 

Capacity- 



G. P. M. 

350 
800 
250 
272 
830 
325 



Without exception these plants had been designed to secure the 
rated discharge and the pumps selected were those which according 
to manufacturers catalogs would give these quantities, the engine 
power being based on figures secured from the same source. The 
owners of some of the plants were quite positive in their assertions 



(See Bulletin 73.) 
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that the rated quantities were being secured, and viewed with 
considerable surprise and some skepticism results showing the 
actual conditions. The trouble as we now view it, was due, in 
nearly every case, to inadequate power with resulting improper 
speed for the actual head and the rated discharge. Such difficulties 
arose from a misunderstanding of a centrifugal pump and from 
too unquestioning reliance upon the manufacturers claim for pump 
efficiency. Results such as the above together with other experiences 
with centrifugal pumps in which we had found them lacking in 
certain essential particulars induced us as previously stated to 
undertake a series of experiments whose end should be to determine 
the actual rating, efficiency and general characteristics of several 
makes and sizes of centrifugal pumps, with some inquiry if possi- 
ble into the causes of such phenomena as the tests might reveal. It 
was not the intention to concern ourselves chiefly with the theory 
of the pump or attempt to add anything to the already numerous 
and often conflicting mathematical analyses of its action, but we 
did hope to determine a few reliable facts concerning the general 
behavior of a centrifugal pump in the smaller commercial stock 
sizes, which might be of use to the farmers of the territory who 
us« such machinery and to the firms who contract to put it in. 
Since the investigation promised to be somewhat technical in char- 
acter, it was financed and carried on by the use of funds secured 
under the Adams' Act. 

THE PUMPS TESTED. 

The pumps were of considerable variety in make, type, and size. 
The following table gives those tested with certain particulars con- 
cerning them. 

These pumps, it will be noted, are of the common single stage 
horizontal and vertical types generally used and no reference will 
be made to certain pumps lately put on the market which form 
part of or are integral with the well casing. Some of the latter 
class are true vertical centrifugal pumps, others are of the spiral 
or screw type. 

With but one or two exceptions the above mentioned pumps were 
donated or loaned to the Experiment Station for use in making 
such tests, through the generosity and public spirit of the manu- 
facturers, who were willing to trust to our honor and 6ense of 
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TABLE III. 

List of Pumps and Particulars Concerning; Them. 



Pump 

Serial 

No. 



Size 



1 


2% inch 


2 


2 inch_. 


3 


4 inch.. 


4 


6 inch._ 


5 


1% inch 


6 


6 inch.. 


7 


6inch._ 


8 


6 inch. _ 


9 


6 inch... 


10 


4 inch... 


11 


4 inch... 



Type 



Vertical, single stage cen- 
trifugal 



Horizontal, single stage cen- 
trifugal 



Horizontal, single stage cen- 
trifugal.--. 



Vertical, single stage cen- 
trifugal 



Horizontal, single stage cen- 
trifugal 



Remarks. 



Vertical, single stage cen- 
trifugal 



Horizontal, double suction 
single stage centrifugal 



Horizontal, single stage cen- 
trifugal-.. -.. 



Horizontal, double suction 
centrifugal, single stage 

Horizontal, single stage cen- 
trifugal 



Horizontal, single stage cen- 
trifugal 



Had been in use about three 
months. 

New; donated by makers. 



New; loaned by makers. 



Practically new; bearings 
slightly worn. 

New; donated by makers. 



Practically new; bearings not 
w r orn. 

Practically new; in good condi- 
tion. 

In good condition; used in low 
lift pumping plant of station 
several years. 

Practically new; good condi- 
tion. 

New ; loaned by makers. 



But little used ; in good condi- 
tion. 



fair play to see that the machines were given an impartial and 
accurate test. We consequently felt it incumbent upon us, not only 
from the standpoint of scientific inquiry but also in the spirit of 
fair play, to see that our methods of testing were correct and to 
eliminate the possibilities of error so far as our judgment and 
foresight could suggest. 

While, therefore, we do not doubt that in some instances the man- 
ufacturers may be disappointed at the showing made, we wish 
to assure them that the fact that the showing was poor did not 
escape us, and the results are given only after we have proved to 
our own satisfaction that the cause lay in inherent defects in de- 
sign or in other causes beyond our power to control. It is only 
fair to say that those pumps described as practically new had 
been in the possession of the Experiment Station for about four 
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years and were given a preliminary test by J. J. Vernon as reported 
upon in Bulletin 45 of this station. Since these pumps were 
obtained it is entirely possible that changes in design and con- 
struction by the several manufacturers may have resulted in better 
performances for the pumps of similar size which they now place 
upon the market. 

- For obvious reasons the names of the makers of the pumps tested 
are withheld, but the name of the maker of any of the pumps given 
in the table will be furnished to parties sufficiently interested to 
make written request for the same. 

% THE TESTING PLANT. 

To carrv on a series of tests of the nature of those above out- 
lined required a testing plant which should combine strict accuracy 
with a reasonable amount of convenience. The former we hoped 
to obtain by employing the best of instruments, by making calibra- 
tions wherever advisable and by using the greatest care in setting 
up and operating the pumps. The matter of convenience was more 
difficult since practically no facilities for handling heavy pumps 
and like machinery were available at the station and practically 
everything had to be devised. Use was made of a pit about 16 feet 
deep, 16 feet long and 8 feet wide, lined with heavy timbering, 
as a location for the suction tank and for mounting the pumps. 
The suction tank rested at the bottom of the pit; directly above 
it was heavy timbering upon which the pump was mounted and 
near the top of the pit was supported a large galvanized iron tank 
provided with baffle plates and a hook gage; the discharge from 
the trapezoidal weir in the front end being led directly back into 
the suction tank. A sketch of the pit and the arrangement of the 
apparatus for measuring the water and heads in shown in Fig. 1. 
For handling pumps conveniently a "home made" gantry crane 
running lengthwise of the pit and for a short distance beyond one 
end was used, and for protection of instruments and observers a 
corrugated iron building was erected over the entire scene of 
operations. 

METHODS OF TESTING, INSTRUMENTS, ETC. 

The suction and discharge heads (See Fig. 2) were measured by 
mercury gages, and the higher discharge heads by an accurate pres- 
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sure gage of the Bourdon type. The suction and discharge pito- 
meter tubes were in each case tapped into their respective pipes as 
close to the suction and discharge flanges of the pump as possible 
and care was taken to see that the inner tips of the tubes did not 
project beyond the inner surfaces of the pipes. In determining 
total head, correction was always made for the vertical distance 
between the center of the pressure gage and the point at which the 
suction gage was tapped into the suction pipe. Where a mercury 
manometer was used on the pressure side, correction was made 
for the water column in the manometer. The variation of head was 
obtained by the use of a gate valve in the discharge line of the pump, 
the throttling effect giving the equivalent of increased head. The 
speed of the pump was measured by a Schaeffer and Budenberg 
Tachometer belted directly to the shaft of the pump. The power 
for driving the pumps was a three phase induction motor located 
on a track on the surface near the edge of the pit, so that the drive 
was in all cases directly from the motor to pump without the use 
of a jack shaft. The power input to the pump was determined by 
the*tise of two Western Electric single phase indicating wattmeters 
and multipliers connected in the usual way. The power output 
of the motor was determined by putting a friction brake on the 
motor pulley and determining for different brake loads the indicated 
wattage from which a curve was drawn with indicated wattage as 
one ordinate and brake horse power of motor as the other thus 
enabling a knowledge of the power being delivered by the motor 
to be obtained immediately from the readings of the wattmeters. 
There was thus provided a most efficient and accurate means of 
measuring the power input to the pump, the loss by belt transmis- 
sion being regarded as negligible and because of the construction of 
the pumps entirely unavoidable. The measurement of the pump 
discharge was based upon the flow over a standard trapezoidal weir 
cut in a sheet of No. 16 galvanized iron. The weir notch was 
located at the front end of the galvanized iron tank into which 
the water was discharged by the pump through a flume leading to 
the rear end. A series of baffles erected vertically and a number 
of large pieces of wood floating behind the baffles and first receiv- 
ing the impact of the water discharged into the tank were found 
ample to reduce the disturbance back of the weir so that the depths 
on the crest of the same could be determined by a hook gage. Such 
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precautions insured the determination of flow to well within the 
recognized limits of accuracy of weir measuremente, in other words 
the flow of water was determined to within probably 2 per cent or 
at the outside 3 per cent of accuracy. The water after passing over 
the weir was discharged directly into the suction tank, so that 
no variation- of level in the suction tank could occur and the onlv 
variation of suction head was that resulting from the increased 
friction head as the discharge of the pump increased. 

After being overhauled, cleaned and packed, each pump was 
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mounted securely upon timbers spanning the suction tank, and 
suction and discharge piping of size suited to the pump was attached. 
Suction and discharge pressure gages were tapped in as before 
described. The tachometer was belted directly to the pump shaft 
by pulleys giving proper speed ratios. Using a belt of constant 
length and .shifting motor on its track, different sized pulleys were 
placed in succession on the motor shaft and pump shaft so that 
the pump could be run at several constant speeds, the motor speed 
being constant and invariable except of course with the slight 
changes in frequency. For each speed the gate valve in the dis- 
charge pipe was first opened wide, thus giving the lowest total 
head and maximum discharge obtainable, after which the valve 
was closed tight to secure the head which the pump could main- 
tain without discharge. Between these two limits several runs were 
made in each case to give the various discharge heads by different 
openings of the gate valve. Upon the completion of such a series 
the pump speed was changed by changing the motor pulley and the 
foregoing repeated. Previous to and after each run at a given speed 
the power was measured which was required to drive the pump 
empty or without priming. This was designated as mechanical 
friction loss or the power lost in the pump bearings and in windage. 
Each pump was operated under identically similar conditions and 
all measurements were made with the same apparatus. The results 
should therefore, it would seem, give a reasonably accurate idea not 
only of the absolute but also of the comparative merits of the dif- 
ferent makes and types of pumps tested. 

RESULTS OF TESTS. 

For each pump the results are first shown in tabular form giving 
speeds, vacuum and discharge and total head, power input, volume 
of water discharged in gallons per minute and pump efficiency. 
Following the tabular results are shown curves which illustrate 
graphically the behavior of the pump and enable certain facts to 
be ascertained regarding optimum operating conditions. 

Discharge. 

The discharge of the pump will be expressed in gallons per 
minute since most manufacturers rate their machines upon this 
unit rather than upon the cubic foot per second. The latter unit 
may be derived from the former by dividing by 450. 



20 TESTS OP CENTRIFUGAL PUMPS 

Efficiency. 

The efficiency of the pump is a measure of the ability of the 
pump to transform the energy supplied it by the driving motor 
into the energy of moving water. Other things being the same 
the pump of highest efficiency is the one which it is cheapest to 
operate in lifting a given quantity of water through a certain 
height. In figuring efficiency we use the fraction. 

Power of the moving water 

Efficiency = 

Power supplied to pump. 
The power of the moving water = gallons per minute times total 
head in feet times 8.33 divided by 33000. 

Total Head. 

The total head is the suction plus the discharge head, or it is the 
vertical distance between the level of the water from which the 
pump draws its supply to the point at which it ifl discharged plus 
the friction head in both the suction and discharge pipes. To this 
total head should also be added the velocity head gained between 
suction and delivery pipes or deducted in case the velocity in the 
discharge is less than that in the suction. An endeavor was made, 
however, to keep this factor as low as possible by the use of piping 
of the same size on suction and delivery sides and in most cases 
considerably larger than the inlet and outlet of the pump. The 
velocity head is therefore practically negligible in nearly every 
case. Proper corrections were made for difference in level of the 
suction and discharge gages and when a mercury manometer was 
used for the low heads correction was made for the water column 
on the water side of the manometer. A diagram illustrating the 
meaning of the various terms used in discussing the head against 
which a pump works under usual conditions in a well is shown by 
Figure 2. 

PUMP SERIAL NO 1. 

This is a vertical, open impeller pump, bottom suction, size 2% T 
that is, the- discharge flange is fitted for 2W standard pipe. A 
cross section of the pump and impeller is shown in Figure 3. 
Table IV and Diagram I show the results of the test. 

This pump was tested through a considerable range of heads, 
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MBBHH VERTICAL C ENTRIF UGAL P UMP 

NUMBER &ifc. 

Fig. 3,— Cross Sections Of Pump No, 1. 

speeds and discharges and while the maximum efficiency fell short 
of 50 per cent, the pump shows unusually good characteristics and 
a wide adaptability. While a speed of 1245 E. P. M. is too high 
for ordinary purposes yet at this speed the test showed that the 
pump would elevate a good quantity of water to considerably over 
100 feet total head and while the vertical ball thrust bearing pro- 
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vided on the vertical shaft gave some trouble at first there seems 
no reason why this pump should not be used successfully in deep 
wells for the pumping of sufficient water for from 20-25 acres of 
orchard or truck garden. Altogether this pump was one of the 
most satisfactory in its operation of any tested. 

TABLE IV. 
3}£ Inch Vertical Centrifugal— Serial No. i 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 

Head 
Ft. 


Suction 
Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
Deliver- 
ed to 
Pump. 


Effi- 
ciency 
of 
Pump% 

40. 
0. 

26.4 
82.2 
85.7 
35.8 
37.2 

30.5 
0. 

46.3 
43.1 
41.8 
36.9 


Friction 
Horse- 
power 
Pump 
Run 

Empty. 




1 
2 
8 

4 
5 
6 

7 


11.16 
22.90 
20.90 
18.92 
17.10 
14.88 
12.43 


4.38 
1.84 
1.98 
2.40 
8.25 
2.69 
3.95 


16.04 
25.24 
23.48 

21.82 
20.85 
18.02 
16.88 


207 
000 
75 
103 
135' 
157 
181 


2.09 
1.27 
1.68 
1.76 
1.99 
1.99 
2.07 












590 










• 












8 
9 
10 
11 
12 
13 


10.35 
40.25 
26.45 
21.85 
17.25 
12.65 


7.91 
1.27 
5.08 
6.21 
7.52 
8.52 


19.26 
42.52 
82.53 
29.06 
25.77 
22.17 


299 
000 
220 
259 
275 
305 


4.76 
2.47 
3.90 
4.40 
4.28 
'4.62 








803 


















14 

15 
16 
17 
18 
19 


10.35 
61.00 
44.86 
35.65 
27.60 
19.55 


14.1 

1.98 

5.08 

7.62 

-10.17 

12.43 


25.45 
63.98 
50.94 
44.27 
38.77 
82.98 


400 
000 
219 
274 
829 
875 


8.4 
8.54 

5.85 
6.68 
7.26 
7.58 


30.6 
0. 

48.0 
46.7 
44.2 
41.0 








920 








" 














20 
21 
22 
23 
24 
25 
26 


10.85 
84.00 
67.85 
58.68 
44.86 
83.85 
24.15 


17.50 

2.26 

6.21 

7.91 

12.48 

15.25 

16.40 


28.85 
87.26 
75.06 
67.59 
58.29 
49.60 
41.55 


499 
' 000 
209 
284 
868 
420 
450 


14.4 
6.23 
9.11 
10.65 
11.90 
12.94 
18.70 


25.2 
0. 

48.7 
45.4 
45.4 
40.6 
34.4 












1066 












■^ 










27 
28 
29 
80 
31 
82 
- 83 
84 


12,65 
118.50 
105.80 
84.00 
84.00 
59.80 
39.10 
25.80 


18.08 

2.26 

4.38 

9.04 

9.04 

14.12 

18.36 

17.80 


81.73 
121.76 
111.18 
94.04 
94.04 
74.92 
58.46 
44.60 


502 
000 
175 
332 
324 
432 
505 
500 


19.21 
9.58 
18.65 
16.24 
16.37 
18.44 
20.10 
19.40 


20.9 
0. 

35.9 
48.7 
46.9 
44.2 
87.0 
29.0 












1245 
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PUMP SERIAL NO. 2. 

This is a horizontal belt driven, open impeller pump with 2" 
discharge opening. A cross section of pump and impeller is shown 
in Fig. 4. This pump showed an efficiency of 53 per cent at 
860 R. P. M. when discharging a little over 100 G. P. M. The 
efficiency falls rapidly as the speed is increased. This pump is 
scarcely large enough for most irrigation work but might be used 
with good success in elevating water into tanks for storage pur- 
poses where the total head is not over 50 feet. 

"With this pump an endeavor was made to ascertain what effect, 
if any, the outer angle, i. e., the angle between the impeller vane 
and the tangent to the circumference of the impeller, has on the 
efficiency. Accordingly three extra impellers were made similar in 
every respect to the one already in the pump with the exception 
of the outlet angles. These are shown in Figure 4 (a). In the 
tests with the 0°, 60°, and 90° impellers a larger suction pipe than 
discharge pipe was used, hence there was a correction for velocity 
head. The results with the 30° impeller are shown in Table V and 
Diagram II, those with the 0° impeller in Table V (a) and Dia- 
gram II (a), with the 60° impeller in Table V (b) and Diagram 
II (b), and with the 90° impeller in Table V (c) and Diagram II 
(c). A summary of the various diagrams is given in Diagram II 
(d). In this diagram is may be clearly seen as shown in (a) that 
for a discharge of 150 gallons per minute, a greater head for a given 
speed of rotation may be secured by increased angle of vane. This 
may, however, be accompanied by disproportionately increased 
power consumption so that the efficiency is decreased. This is 
shown in (b) where it will be noted that 60° and 90° angles gave 
less efficiency than 30°. It is also to be noted that 30° which is 
the most efficient angle found is that used in the vane properly be- 
longing to this pump and is the angle used in most centrifugal 
pumps, so that we have here independent confirmation of a fact 
probably already well known to manufacturers. Although the dia- 
gram is based on 150 gallons per minute discharge alone, it holds 
equally true for other discharges as may be found upon investi- 
gation in a similar way. 
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TABLE V. 



a Inch Horizontal Centrifugal— Serial No. a 



Speed of Pump 


Pres- 
sure 
Head 
Ft. 


Suction 

Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump % 


700 


8.88 
25.30 
25.95 
25.40 
21.50 
17.70 
13.14 


15.68 
2.26 
2.54 
8.39 
7.06 
7.68 

12.15 


24.06 
27.52 
28.49 
28.79 
28.56 
25.33 
25.29 

27.88 
42.07 
41.72 
89.78 
89.18 
89.08 
85.17 


185 



12 

86 

74 

86 

118 


1.24 
.62 
.76 
1.04 
1.24 
1.32 
1.40 


64.5 
0. 

11.7 
25.1 
48.1 
41.6 
53.9 


860 

• 


6.48 
39.80 
33.36 
29.45 
25.30 
23.40 
15.82 


20.90 

2.11 

7.20 

9.17 

12.72 

15.68 

19.35 


190 

77 
108 
119 
186 
161 


3.28 
1.86 
1.54 
1.95 
2.47 
2.68 
2.84 


40.5 
0. 

52.6 
52.8 
47.7 
50.0 
50.4 


904 


6.88 
46.15 
43.70 
39.80 
33.35 
27.60 
22.70 
17.45 


21.4 

3.24 

5.42 

8.68 

13.03 

16.26 

16.90 

18.97 


20.20 
50.55 
50.28 
49.64 
47.54 
45.02 
89.60 
86.42 


200 



46 

82 

118 

189 

159 

178 


3.95 
1.67 
1.96 
2.26 
2.67 
2.92 
8.87 
3.80 


36.2 
0. 

29.5 
45.6 
50.9 
54.1 
47.2- 
48.2 


1106 


4.87 
72.45 
63.50 
54.75 
48.30 
37.72 
81.50 
18.82 


16.95 
2.26 

8.47 
14.97 
18.08 
20.62 
20.90 
21.20 


21.82 
75.87 
78.18 
70.88 
67.64 
59.50 
53.56 
41.18 


199 

87 
128 
157 
185 
200 
200 


6.75 
3.23 
4.96 
5.74 
6.28 
6.96 
7.20 
6.96 


16.3 
0. 

32.4 
89.9 
42.7 
40.0 
87.5 
29.9 


1415 


4.82 

133.80 

126.90 

112.10 

98.50 

85.85 

68.20 

50.75 


22.80 
8.81 
7.61 
15.20 
20.60 
21.17 
21.28 
21.54 


27.12 
137.77 
184.67 
128.46 
120.20 
107.68 
90.64 
73.45 


197 

72 
126 
171 
197 
199 
200 


12.80 
8.28 
11.95 
18.48 
14.52 
15.23 
15.20 
14.80 


10.5 
0. 

20.40 
30.3 
35.8 
85.1 
29.9 
25.1 
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TABLE V (a) 
a Inch Horizontal Centrifugal Pump— Serial No. a 

(o° Impeller.) 



Speed of 
Pump. 


Run 
No. 


Pres- 
sure 
Head 
Ft. 


Suction 

Head 

Ft. 


* 

Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 
4 
5 
6 
7 
8 
9 


6.50 
94.30 
92.00 
78.20 
66.70 
50.60 
34.50 
28.00 
15.37 


21.40 

8.58 

3.58 

8.86 

18.70 

17.98 

19.12 

19.70 

20.27 


85.65 

99.88 
98.00 
91.24 
86.96 
76.98 
62.29 
51.14 
42.08 


265 

61 
139 
203 
239 
243 
241 
241 


10.80 

6.54 

7.62 

9.18 

14.18 

15.58 

12.57 

11.50 

10.57 


22.10 
0. 

19.80 
84.80 
31.50 
29.80 
80.70 
27.20 
24.30 
















1305 


1.20 

















10 
11 
12 
13 
14 
15 
16 
17 
18 


6.50 
62.10 
57.50 
50.60 
41.40 
32.20 
28.00 
18.40 
15.37 


20.26 

3.58 

8.58 

6.01 

8.86 

11.99 

14.84 

16.27 

18.55 


84.01 
67.68 
63.31 
59.71 
54.76 
49.81 
44.88 
42.55 
40.36 


254 



44 

99 

150 

181 

218 

280 

241 


6.84 

3.48 

8.70 

4.32- 

4.98 

5.49 

5.88 

6.12 

6.38 


31.90 
0. 

19.10 
84.50 
41.60 
41.30 
•41.00 
40.80 
88.80 




. 












1085 


.40 




















19 
20 
21 
22 
23 
24 
25 
26 


7.89 

89.10 
36.80 
27.60 
23.00 
18.40 
15.23 
11.98 


14.71 
2.28 
8.69 
6.80 
8.22 
9.63 
11.89 
18.30 


27.20 
43.88 
42.69 
88.00 
85.59 
82.85 
80.76 
80.58 


215 

58 
119 
143 
159 
182 
196 


4.80 
2.00 
2.38 
2.88 
2.98 
8.04 
3.34 
3.50 


34.30 
0. 

28.80 
39.65 
42.10 
48.20 
42.80 
43.20 








875 






.<» 








. 




27 

28 
29 
80 
31 
32 


8.30 
20.70 
18.40 
16.87 
12.70 
14.27 


7.85 
2.30 
8.16 
4.58 
6.86 
5.72 


18.45 
25.00 
28.76 
22.27 
21.21 
21.21 


140 



39 

85 

122 

104 


1.84 
.85 
.89 
1.08 
1.30 
1.85 


85.40 
0. 

26.80 
44.20 
50.20 
41.40 








670 


.40 















* Corrected for velocity head. 
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TABLE V (b) 

j Inch Horizontal Centrifugal Pump— 3e Hal No. a 

(6o° Impeller.) 



Speed of 
Pump. 


Run 
No. 


Pres- 
sure 
Head 
Ft. 


Suction 

Head 

Ft. 


* 

Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump % 

18.80 
0. 

82.50 
36.50 
39.60 
87.80 
31.70 
28.10 
28.20 
21.70 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 
4 
5 
6 
7 
8 
9 
10 


6.59 
105.80 
98.90 
87.40 
78.60 
59.80 
46.00 
82.20 
18.40 
13.48 


21.68 

2.80 

7.14 

10.20 

15.40 

20.53 

21.68 

21.68 

21.68 

. 21.68 


86.42 

110.10 

109.96 

103.00 

96.65 

89.73 

77.58 

64.00 

54.20 

43.28 


269 

181 
174 
225 
257 
265 
269 
269 
269 


13.18 
8.00 
11.18 
12.36 
13.86 
15.40 
15.52 
15.48 
14.66 
18.60 
















1805 


1.12 




















11 
12 
13 
14 
15 
16 
17 
18 
19 


6.64 
78.60 
66.70 
59.80 
50.60 
41.40 
27.60 
18.40 
18.47 


21.68 

1.78 

6.16 

9.14 

12.88 

15.98 

19.96 

21.02 

21.68 


86.32 
77.83 

76.24 
78.74 
69.23 
65.08 
57.11 
49.42 
45.15 


267 

110 
159 
196 
227 
259 
267 
267 


0.92 
4.64 
6.80 
7.48 

8.28 

9.00 

9.95 

10.23 

10.22 


24.70 
0. 

31.20 
89.80 
41.40 
42.00 
34.10 
32.50 
29.70 
















1085 


.80 




















20 
21 
22 
23 
24 
25 
26 


5.84 
86.80 
82.20 
27.60 
28.00 
18.40 
16.47 


20.54 
2.30 
8.86 
10.47 
12.00 
18.42 
16.27 


88.46 
41.10 
45.76 
48.47 
41.05 
38.50 
88.44 


251 

156 
174 
191 
206 
227 


5.95 
2.32 
4.15 
4.32 
4.65 
4.85 
5.28 


35.65 
0. 

43.40 
44.20 
42.60 
41.30 
42.20 












875 


.60 
















27 

28 
29 
30 
31 
82 


8.70 
25.80 
28.00 
18.40 
16.85 
12.58 


12.18 
2.28 
8.84 
5.82 
7.87 
9.85 


24.82 
29.58 
29.14 
27.47 
26.29 
24.99 


188 

52 
106 
187 
167 


2.50 
1.02 
1.40 
1.74 
1.97 
2.23 


47.2 
0. 

27.4 
42.20 
46.00 
46.60 








670 


.68 















* Corrected for velocity head. 
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TABLE V (c) 

a Inch Horizontal Centrifugal— Serial No. a 

(oo° Impeller.) 



Speed of 

Pump. 


Run 
No. 


Pres- 
sure 

Head 
Ft. 


Suction 

Head 

Ft. 


• 

Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 

4 
5 
6 
7 
8 
9 
10 

11 

• 


7.00 
105.80 
101.80 
96.60 
87.40 
78.20 
64.60 
46.00 
32.20 
18.40 
13.56 


24.80 

2.82 

5.93 

8.62 

[12.48 

15.54 

19.77 

22.03 

24.30 

24.80 

24.80 


40.40 

110.62 

110.69 

109.62 

105.68 

101.88 

90.07 

78.67 

67.20 

53.40 

46.66 


282 

114 
147 
187 
225 
262 
279 
280 
280 
282 


14.21 
8.58 
11.81 
12.22 
13.28 
14.16 
15.32 
16.23 
16.35 
15.42 
14.90 


20.23 
0. 

28.16 
83.34 
87.60 
40.67 
38.90 
30.85 
29.05 
24.47 
22.30 
















1906 


1.2 
































12 
13 
14 
15 
16 
17 
18 
10 
20 
21 


6.87 
73.60 
69.00 
64.40 
55.20 
46.00 
36.80 
27.60 
18.40 
14.56 


24.56 

1.18 

6.78 

8.61 

11.86 

14.41 

19.07 

22.03 

23.44 

23.88 


89.28 
76.73 
79.88 
76.35 
78.00 
67.83 
64.67 
59.68 
52.34 
49.04 


279 

118 . 
145 
188 
222 
247 
267 
276 
277 


10.60 

4.80 

6.88 

7.50 

8.62 

9.37 

10.13 

10.68 

11.20 

11.20 


26.10 
0. 

34.36 
37.27 
40.24 
40.60 
39.81 
87.64 
82.56 
30.65 
















1085 


.84 


- 


— - 
















22 
28 
24 
25 
26 
27 
28 
29 
80 


6.17 
46.00 
41.40 
86.80 
27.60 
28.00 
19.55 
16.27 
18.17 


19.20 

3.39 

7.06 

8.18 

10.78 

11.86 

13.28 

15.82 

18.07 


88.07 
51.89 
51.96 
49.28 
44.19 
41.10 
'39.69 
87.99 
87.84 


262 

116 
143 
187 
196 
209 
280 
234 


6.30 
2.54 
8.95 
4.32 
4.85 
5.15 
5.80 
5.54 
5.70 


84.73 

0. 

38.55 
41.20 
43.00 
39.50 
39.55 
89.83 
38.74 












875 


.60 














( 










81 
82 
83 
34 
35 
36 
37 


7.72 
23.04 
20.70 
18.40 
18.90 
16.18 
11.40 


11.80 
2.26 
5.08 
6.21 
7.06 
8.18 
9.88 


23.02 
27.80 

28.78 
28.11 
27.86 
26.71 
24.52 


190 

95 
115 
129 
145 
171 


2.54 
.96 
1.72 
1.90 
1.96 
2.08 
2.26 


43.40 
0.00 
40.00 
42.95 
46.20 
47.00 
46.80 








670 


.4 

















* Corrected for velocity head. 
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PUMP NO. & 

This is a horizontal, belt driven, closed impeller single suction 
centrifugal pump, with a 4" discharge opening and made by a 
very well known manufacturer. The cross section of impeller and 
casing is shown in Fig. 5. For such a pump or one of its class 
an efficiency of 70 per cent and over is usually claimed but 50 per 
cent was the maximum efficiency attained in these tests and that 
was secured at the comparatively high speed of 1320 R. P. M. It 
may be said that every reasonable care was taken to see that the 
pump was in good operating condition, consequently the results 
attained are probably due to some inherent or obscure defect. This 
pump is however one of the few tested which was found to give its 
highest efficiency at its rated discharge, its makers claiming for it 
a capacity of 400 gallons per minute and .20 H. P. per ft. of lift. 
It will be noted from the curve sheet for this pump that these 
values were strictly realized. It may be seen further from the 
curves in the lower right hand corner of the curve sheet Diagram 
III, that the speeds recommended by the pump makers correspond 
very closely with those shown by the curve marked "Best speed for 
various heads" as determined by the maximum efficiencies found. 
This pump is the cheapest of its size made by its manufacturers 
and the results secured with it are probably typical of those to be 
expected with a low grade stock pump. 
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Fig. 5.— Uroas SectloDB Ol Pump No. 3. 
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TABLE VI. 
4 Inch Horizontal Centrifugal— Serial No. 3 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 

Head 
Ft. 


Suction 

Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power , 
deliver- 
ed to 
Pump. 


Effi- 
ciency 
of 
Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 


075 


1 
2 
8 
4 

5 
6 


9.18 
22.15 
20.20 
17.48 
14.79 
18.35 


4.68 
8.27 
3.27 
3.27 
3.69 
4.12 


18.81 
25.42 
23.47 
20.75 
18.48 
17.47 


271 

96 
149 
195 
ZZz 


2.70 
1.40 
1.83 
1.96 
2.00 
2.22 


85.0 
0. 

31.0 
40.2 
43.5 
44.0 


.80 




















7 
8 
9 
10 
11 
12 
18 


9.13 
86.8 
32.2 
27.6 
23.0 
18.9 
17.4 


8.08 
2.85 
8.56 
4.12 
4.69 
5.39 
5.95 


17.21 
41.90 
38.01 
83.97 
29.94 
26.54 
23.35 


420 

144 
222 
802 
825 
856 


5.50 
2.40 
4.09 
5.12 
5.69 
5.79 
5.86 


85.2 
0. 

88.7 
87.1 
89.9 
87.5 
85.7 






.80 


015 






















14 
15 
16 
17 
18 
19 
20 


9.11 
57.5 
50.6 
46.0 
86.8 
27.6 
18.4 


9.77 
2.99 
3.84 
4.54 
5.95 
7.66 
8.79 


18.88 
: 62.74 
56.69 
52.79 
45.00 
87.51 
29.44 


448 


180 
235 
830 
407 
440 


10.12 
4.80 
7.06 
7.68 
8.22 
8.94 
8.86 


20.7 
0. 

89.7 
48.9 
45.5 
48.1 
86.9 












1120 


1.10 
















21 
22 
28 
24 
25 
26 
27 
28 
29 


9.4 
82.8 
78.2 
73.8 
64.4 
55.0 
41.4 
27.6 
17.85 


10.9 
8.84 
4.97 
5.8 
7.08 
8.49 
10.9 
11.62 
10.9 


20.8 

87.42 
81.85 
78.73 
65.74 
54.55 
41.47 
30.5 


582 

147 
267 
873 
449 
549 
575 
582 


14.81 
7.06 
10.16 
12.10 
14.01 
15.06 
16.16 
16.14 
15.81 


20.6 
0. 

31.9 
45.4 
49.4 
49.8 
46.7 
86.6 
29.2 












1820 


1.10 
















\ 




. 



TESTS OF CENTRIFUGAL PUMPS 



39 



Tota\ Head -Ft 




40 TESTS OF CENTRIFUGAL PUMPS 

PUMP NO 4. 

This pump is a 6" vertical centrifugal which has been in the 
possession of the experiment station for some time and was pre- 
viously tested as reported in Bull. 45 of this station. It is not 
a particularly refined example of pump construction (See Fig- 6) 
and as shown by the curves in Diagram IV, did not give particu- 
larly good efficiencies for the two speeds to which for lack of power 
we were forced to limit the test. This pump is, however, rather 
remarkable in the flatness of the discharge curve which shows 
that a comparatively small decrease in head produces a very large 
increase in discharge. With such a pump the reduction of friction 
head by the use of large discharge pipes, few turns and valves 
would be rewarded by a very generous increase in discharge. Such 
a pump, however, is defective in the entirely inadequate provision 
made for taking up or balancing the weight of the impeller, shaft- 
ing, etc., and confliderable of the power expended upon the pump 
is taken up in purely mechanical friction effects. This is shown 
from the fact that at the lower speed 6.18 H. P. was required to 
rotate the pump empty while at the higher speed 7.16 H. P. was 
necessary. It is as once evident that so large a friction loss is 
absurd, yet there is practically no way of obviating the difficulty 
except by the uhc of special vertical thrust bearings on the vertical 
shaft. As the pump was operated in this test nearly the entire 
thrust came upon the fitep bearing at the bottom of the casing. The 
provision for taking up vertical thrust is the most important part 
of the design of a vertical centrifugal pump, and the difficulties en- 
countered by practical irrigators in the way of hot boxes, etc., has 
created a general prejudice against them which is hard to remove. 
It can be seen in the present instance that the power expended in 
friction is not only a direct loss in fuel but must result eventually 
in wearing out bearings and consequent serious injury to the pump. 
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View from bottom 
with half oi Casing 
removed showing 
section of Impeller 



VTRTICAt CENT . PUMP 




Section through AB. 



Fig. 6.— Cross Sections of Pump No. 4. 
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PUMP NO. 9. 

This pump was one of the 6" size tested, and like most of them, 
it was found to require more power to secure favorable results 
than our motor was capable of delivering. The pump is of the 
closed impeller, double suction type and was apparently in good 
physical condition. The results are shown in Table 7 and Diagram 
IV and the cross section of the pump in Fig. 6 (a). Two curves 
of discharge and H. P. output were obtained for speeds respectively 
of 700 and 900 E. P. M. At the lower speed a definite peak was 
reached on the efficiency curve but at the highest discharge possible 
to secure with our motor the efficiency at 900 E. P. M. still shows 
an inclination to rise, consequently it is assumed as probable 
that the highest efficiency had not yet been reached. The discharge 
for both speeds fell considerably short of the 1100 gallons capacity 
claimed for this pump although it seems probable that this quantity 
might have been realized with the higher speed in case sufficient 
power had been available. 



TABLE VII. 
6 loch Horizontal Centrifugal— Serial No. 9 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 

Head 
Ft. 


Suction 

Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 


78.2 
78.6 
69.0 


2.26 
3.89 
3.95 


82.60 
79.13 
75.09 



208 
881 


16.29 
17.59 
21.30 


0. 

28.0 
38.8 




1100 


1.84 








4 
5 
6 

7 
8 


50.6 
48.3 
46.0 
48.7 
36.8 


2.56 
8.70 
4.41 
4.56 
4.83 


55.30 
54.14 
52.55 
50.40 
48.77 



296 
404 
528 

803 


9.04 
12.86 
14.55 
16.35 
18.44 


0. 

81.4 
86.8 
41.0 
48.0 

26.8 
0. 

30.8 
44.1 
41.0 
39.2 
38.2 





900 






2.40 








9 
10 
11 
12 
13 
14 
15 


9.82 
28.75 
25.30 
20.70 
18.36 
14.82 
12.71 


5.98 
8.11 
8.67 
5.98 
6.50 
7.06 
8.19 


14.25 
34.00 
81.11 

28.77 
24.86 
21.88 
20.90 


758 

247 
682 
686 
709 
782 


10.10 
4.45 
6.80 

10.88 

10.48 
".9o 

10.10 




700 


1.40 
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Seofion through  
plane of Casing I 



Fig- 9 (a). -Cross Sections ol Pump No. 9. 
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PUMP NO. 5. 

This was a very small but carefully designed and finished pump 
of the horizontal type arranged for connection to 1**" discharge 
pipe. A cross section is shown in Fig. ?. Results are shown in 
Table VIII and Diagram V. It was tested through a very con- 
siderable range of heads pressure and speeds, but with very indif- 
ferent results from the standpoint of efficiency which did not 
rise above a maximum of 3-5 per cent. While a pump of this size 
and type may, as shown by the curves, be made to deliver nearly 
double its rating, yet as may also "be seen from the curves,, this 
will be attended by but very low eHJeieneies and therefore, except 
where special conditions might warrant the use of so small a pump, 
it will be better to use a pump at more nearly its rated capacity, 
which in the case of this pump is stated by its builders to be be- 
tween 55 and 75 gallons per minute. It will be observed that this 
range covers the best efficiencies attained in these tests. So small 
a pump would scarcely be of use in irrigation work except for very 
small orchards or truck patches. 
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HORIZ . CENT . PUMP 



View from Suction 
End showing section 
of Impeller and Casing 



Fig. 7.— Cross a actions of Pump No. 5. 
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TABLE VIII. 
ij£ Inch Horizontal Centrifugal— Serial No. 5 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 

Head 
Ft. 


Suction 

Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


{Horse 

Power 

k dellver- 

| ed to 

Pump. 


Effi- 
ciency 

of 
Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
8 
4 
5 
6. 


7.58 
• 26.70 
22.90 
19.85 
15.68 
11.62 


7.06 
1.41 
2.96 
4.09 
5.08 
6.50 


14.64 
28.11 
25.86 
28.94 
20.76 
18.12 


80 

82 
51 
63 
77 

118 



59 

72 

84 

42 

95 

108 

112 


1.10 
.87 
1.04 
1.10 
1.10 
1.12 


26.8 
0. 

20.0 
28.0 
81.4 
31.4 








1185 



















7 
8 
9 
10 
11 
12 
13 
14 
15 


6,10 
44.85 
81.30 
27.60 
22.60 
87.95 
19.35 
15.05 
11.00 


11.72 
1.98 
4.88 
5.98 
7.20 
4.52 
7.20 
9.60 

10.45 


17.82 
48.66 
87.51 
85.36 
29.80 
44.30 
26.55 
24.65 
21.45 


2.40 
1.24 
1.82 
1.95 
2.10 
1.82 
1.95 
2.22 
2.10 


26.2 
0. 
30.6 
82.9 
80.0 
25.8 
82.6 
28.8 
28.8 












1880 






























16 
17 
18 
19 
20 
21 
22 
28 
24 
25 


5.75 
78.20 
71.30 
61.20 
52.90 
48.00 
80.60 
26.00 
17.82 
11.84 


14.55 

1.97 

8.95 

6.21 

8.47 

10.60 

12.57 

18.85 

14.97 

15.10 


20.80 
82.00 
77.08 
69.24 
68.20 
55.48 
45.00 
41.68 
82.79 
26.94 

28.13 
115.19 
104.78 
94.68 
81.50 
72.08 
58.78 
45.93 
38.78 


187 



37 

72 
87 
107 
126 • 
182 
185 
189 


4.74 
2.58 
3.44 
3.80 
4.08 
5.06 
5.30 
5.26 
5.26 
4.82 


15.0 
0. 

20.9 
88.1 
84.4 
29.5 
27.0 
26.8 
21.2 
19.6 
















1820 






























26 
27 
28 
29 
30 
31 
32 
33 
34 


5.75 
110.40 
98.60 
84.00 
70.20 
56.40 
42.50 
29.40 
17.25 


15.55 

2.96 

6.35 

8.85 

11.80 

18.85 

14.40 

14.70 

14.70 

4.24 
1.69 
8.11 
3.67 
2.54 


187 



70 

95 

112 

182 

186 

186 

186 


6.52 
3.68 
6.47 
7.08 
7.40 
7.70 
7.65 
7.44 
7.14 


12.20 
0. 

28.6 
32.2 
81.1 
81.2 
26.8 
21.1 
16.2 












2130 






























85 
36 
87 
38 
39 


8.93 
17.26 
12.72 
10.30 
18.97 


18.17 
18.95 
15.88 
18.97 
16.51 


68 



56 

57 

28 


.54 
.40 

.48 
.48 
.46 


89.8 
0. 

47.1 
42.1 








940 










25.4 
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PUMP NO. 6. 

This is a cheaply made, rather poorly designed pump of 6" size 
and rated at 1050 gallons per minute, "economical capacity." This 
capacity was reached at about 18 ft. total head as will be seen by 
the curve sheet, Diagram VI, but at only about 35 per cent efficiency, 
consequently such a pump could scarcely be recommended for any 
but temporary service such as contractors use in dewatering exca- 
vations, etc., where capacity rather than economy is the important 
consideration. A cross, section of this pump is shown in Pig. 
8. Vertical thrust and weight of shafting, etc., in this pump is 
taken up by a simple collar bearing at the upper end of a bracket 
resting on the pump casing. The friction loss, in this case, with 
the pump rotating empty, amounted to between 1.5 and 3.0 H. P. 



TABLE TX. 
6 Inch Centrifugal Pump— Serial No. 6 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 
Head 

Ft. 


Suction 
Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 
of 
Pump% 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 


525 


1 
2 


47.3 

50.6 


1.69 
1.10 


51.24 
53.98 


196 


855 
692 
420 
200 



18.12 
16.50 


12.5 
0. 






2.98 




3 
4 
5 

6 

7 


23.0 

27.85 

32.20 

34.50 

36.80 


5.52 
4.10 
2.54 
1.98 
1.13 


80.77 
34.20 
86.99 
38.48 
40.18 


17.54 
16.49 
14.72 
12.71 

11.08 


37.5 
85.9 
26.4 
15.1 
0. 




455 






1.36 




• 








8 
9 
10 
11 
12 
13 


8.10 
24.15 
23.00 
18.40 
14.28 
12.98 


7.62 
1.13 
1.69 

2.82 

4.8 

6.08 


16.97 
27.53 
26.94 
23.47 
20.83 
20.31 


1107 

187 
536 
781 
910 


18.21 
6.78 
8.14 
10.82 
11.76 
12.76 


85.5 
0. 

15.5 
80.4 
83.7 
36.2 








875 


1.82 
















14 
15 
16 
17 

18 


6.8 
13.25 
13.75 
10.45 

9.30 


3.89 
1.13 
1.13 
3.11 
2.54 


10.44 
15.63 
16.13 
14.81 
13.09 


586 



25 

812 

500 


4.42 
2.63 

2.88 
3.59 
4.08 


34.6 

0. 

2.6 
32.2 
40.8 




200 


1.20 
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Fig. 8.— Croaa Sections of Pump No. 6. 
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PUMP NOl 7. 

This 6" horizontal double suction open impeller belt driven pump 
cross sections of which are shown in Fig. 9 seems fairly well de- 
signed and is made by one of the largest makers of centrifugal 
pumps in the country. This pump, however, not only failed to 
reach its rated capacity of 10v*) gallons per minute as shown by 
the curve sheet diagram but it save unusnallv low efficiencies, the 
highest not reaching 33 per cent. A greater speed than 855 E. P. 
M. could not be attained for lack of sufficient power, but there is 
no indication that a higher speed would have given a higher effi- 
ciency although at a higher speed 1000 gallons per minute might 
have been reached. Taken altogether this pump gave very poor 
service. 

TABLE X. 
6 Inch Horizontal Centrifugal— Serial No. 7 



Speed of 

Pump 
R. P. M. 


Run 

No. 


Pres- 
sure 
Head 
Ft. 


! Dis- ! Horse 
Suction Total charge Power 
Head Head gallons , deliver- 
Ft. Ft. per , ed to 

minute. Pump. 
! - 1 
1 l 


Effi- 
ciency 
of 
Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 
4 
5 
6 


10.68 

20.70 

18.40 

19.0 

16.03 

13.07 


5.51 
3.39 
3.67 
8.95 
4.37 
5.22 


l 

16.19 
26.09 
24.07 
22.95 
20.40 
18.29 


1 

512 

16<5 
238 
364 
481 


6.94 
8.67 
4.80 
5.34 
6.07 
6.74 


90.1 
0. 

21.0 
25.8 
30.8 
32.9 




560 


1.55 




















7 
8 
9 
10 
11 
12 
18 


10.17 

82.20 

27.60 

25.80 

20.70 

19.0 

16.72 


5.93 
3.24 
8.81 
8.82 
4.37 
4.66 
5.22 


16.10 
37.44 
33.41 

31.12 
27.07 
23.66 
21.94 


540 

152 
199 
319 
892 
435 


10.94 
6.04 
7.65 

8.00 

9.20 

9.82 

10.32 


20.0 
0. 

16.7 
19.5 
23.6 
23.8 
23.3 








695 


1.48 




















14 
15 
16 
17 
18 
19 
20 


11.18 
48.80 
46.00 
43.70 
41.40 
82.20 
27.60 


6.68 
8.39 
8.39 
8.81 

4.05) 
5.08 
6.06 


16.53 
58.69 
51.39 
49.51 
47.49 
89.28 
85.66 


639 


64 
209 
284 
501 
608 


16.64 
9,55 
10.28 
11.60 
18.88 
16.02 
16.20 


14.4 

0. 

8.1 
22.5 
24.5 
81.0 
88.7 


. 










855 






2.26 
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PUMP NO. 8. 

This pump is 6" size, belt driven, open impeller single suction. 
Cross sections are shown in Fig. 10. It was removed from active 
service for this test from a 12" driven well where it had been in 
use several years, pumping about 810 gallons per minute through a 
total head of about 25 ft at a speed of between 575 and 600 B. P. 
M. Its efficiency by a previous test under actual running conditions 
had been found to be about 40 per cent The present tests (See 
Table XI and Diagram Till.) show that this pump when run at 
a proper speed will develop considerably over 50 per cent efficiency 
and it seems reasonable to suppose that the rated capacity of 1000 
gallons might be obtained by speeding up the pump and applying 
more power. It will be noted that the efficiency curve for 750 R. 
P. M. still has a tendency upwards and it would appear that the 
curve marked "head 750 R. P. M." might be continued as shown 
by dotted lines giving 1000 gallons per min. at about 40 ft head. 
This pump gives the highest efficiency, 56.5 per cent, of any found in 
the whole series of tests and this is a remarkably good showing 
considering the fact that the pump had been in almost constant 
service with but very little attention or care for over four years at 
the time it was tested. It will be noted that this pump and No. 1 
of the series were both made by the same manufacturers and both 
displayed particularly good qualities. 
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Fig. 10— Cross Sections of Pump No. 8. 
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TABLE XI. 
6 Inch Horizontal Centrifugal— Serial No. 8 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 
Head 
Ft. 


Suction 

Head 

Ft. 


Total 
Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump. 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 
4 
5 
6 
7 
8 


8.83 
27.60 
32.20 
29.90 
27.60 
28.00 
17.25 
15.75 


7.91 ' 
8.39 
4.52 
8.95 

6.08 
6.21 
7.20 
6.78 


16.74 
82.99 
88.72 
85.85 
84.68 
81.21 
26.45 
22.58 


840 

98 
277 
474 
657 
751 
765 


10.48 

5.98 
4.98 
5.95 
7.34 
8.85 
9.44 
9.50 


34.0 
0. 

19.2 
42.0 
56.4 
58.4 
58.1 
45.7 


i 














570 


1.06 
















9 
10 
11 
12 
18 
14 
15 


87.90 
41.40 
86.80 
27.60 
28.00 
18.40 
18.41 


3.59 
5.29 
5.57 
7.55 
7.68 
9.10 
10.10 


43.49 
48.69 
44.87 
37.15 
32.68 
29.50 
28.51 



214 
534 
791 
874 
950 
957 


10.10 
9.86 
11.55 
14.25 
14.58 
15.40 
14.90 


0.0 
26.7 
51.7 
51.9 
49.4 
45.8 
88.0 








650 


1.82 




















16 
17 
18 
19 
20 
21 
22 

23 
24 


57.5 
57.5 
52.9 
46.0 
48.7 
50.6 
55.2 


3.31 
5.57 
4.67 
5.99 
7.18 
5.29 
5.00 


62.81 
65.07 
59.57 
53.99 
52.83 
57.89 
62.20 



164 
346 
697 
760 
520 
815 


11.70 
11.20 
12.57 
16.78 
17.50 
14.84 
18.00 


0. 

24.0 
41.3 
56.5 
57.8 
51.1 
88.0 












750 


2.07 
















80.5 
80.5 


5.80 
5.55 


89.05 

88.77 


195 



20.10 
21.80 


21.9 
0. 




910 









PUMP NO. 10. 

This is a 4" horizontal, belt driven, closed impeller centrifugal 
pump, cross sections of which are shown in Fig 11. It is rated 
at 400 gallons per minute for a head of 50 ft. at a speed of 1110 
R. P. M. and it will be noted from the curve sheet Diagram IX 
that this is an under rather than an over-estimate of the capacity 
of the pump. At a speed of 1100 E. P. M. and 50 ft. total head our 
tests show that this pump will probably deliver about 550 gallons 
per minute though this would be at less than the pump's maximum 
efficiency which we found to occur at a discharge of 350 gallons 
per minute at 54 ft. head with a speed of 960 R. P. M. It may 
be said therefore that this pump is honestly and fairly rated and 
will give unusually good efficiencies. This pump also shows a very 
desirable characteristic in the droop of the H. P. input curve at 
high discharges which will prevent overloading and burning up 
of the driving motor in case for any reason the head were suddenly 
decreased which might happen by the bursting of a fitting, the blow- 
ing out of a gasket or other similar accident. 



58 



TESTS OF CENTRIFUGAL PUMPS 



f^ 
















P — ci — 1 


D *> ? 


-j 




 
























o 






















n 








 <o 




























4 


8 






• 













V 


A 

c 1 






fU 


; — 6- 






















Q 


9 








•^1 












7\ 


*\ — 
oA 






r 








1 


00 












% 








a> 






CJ 



7„ 














n 




a 


-*- 









— aN 
















— w— 




Q. 

X 


o 


a 

3 






c 
c 

Ml 


(T 




















—ft- 


u 
O 






u 




(0 






















10 

> 




















• 








O 






*** 






\ 
\ 
\ 








/ 

/ 

1 
















V6 








\ 






/ 
/ 




^. 




3J 




CQ 

i 














\ 




\ 


1 V 




/ 


8 


1 

• 
►H 

> 

S 

(0 




- 




y 






i. 






i A 






— v 






-,. v!Ci 










/ * 


«a7 
I V 










r8 


at 

1"* 






/ 




fc 






"A 


/ i 
# 


y 








x3 


Q 






s 




S, 




< 
c 




/A 


7 vfc 




CL 










S 


^ 








^v 


/ °i 


if 


TV 

















-^ 


*» 


, ^- 


*/ ' 










■:r— 

< 

CDs 








• 
























% c« 


^ AOl 


W3IOJ 


»-ou 


^3 01 


► 


\OJ 


? 




on 






' 


- 




j.r ( 


^ — ^ 


r L 


V 


1 


/\Cv \ 


ft 1 





j-w av3n -v 



ff 



TESTS CF CENTRIFUGAL PUMPS 




Section through plant of 



. PUMP 
Fig. 1 1.— Cross Sections ol Pump No. lO. 
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TABLE XII. 
4 Inch Horizontal Centrifugal— Serial No. 10 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 
Head 
Ft. 


Suction 

Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 

of 
Pump. 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
8 
4 
5 
6 
7 


4.6 
35.6 
27.6 
23.0 
18.4 
13.8 

9.2 


6.94 
1.14 
2.70 
8.55 
4.89 
5.24 
5.94 


18.86 
89.06 
82.62 
28.87 
25.11 
21.86 
17.46 


452 

215 
294 
846 
386 
487 


5.78 
2.80 
4.65 
4.88 
5.06 
5.28 
5.56 


27.7 
0. 

88.0 
48.9 
43.4 
89.4 
84.5 








760 


1.62 




















8 
9 
10 
11 
12 
18 
14 


4.44 
52.80 
46.0 
41.4 
34.5 
27.6 

9.2 


8.08 
1.14 
2.84 
8.12 
5.14 
5.62 
8.35 


12.47 
56.26 
50.66 
46.84 
41.96 
85.54 
20.87 


567 

198 
272 
355 
420 
580 


9.18 
2.86 
5.85 
6.02 
6.96 
7.01 
9.65 


19.6 
0. 

48.0 
58.5 
53.9 
58.8 
36.5 












890 


















15 
16 
17 
18 
19 
20 
21 
22 


8.96 
64.20 
59.80 
55.20 
46.00 
34.50 
23.0 
18.8 


9.18 
1.14 
2.26 
2.7 

4.89 
4.94 
8.06 
8.06 


18.14 
67.66 
64.42 
60.22 
53.21 
41.76 
83.88 
24.18 


592 

166 
220 
868 
450 
545 
570 


10.58 
4.18 
5.94 
6.98 
8.58 
9.9 
10.74 
11.82 


28.4 
0. 

45.2 
49.4 
57.8 
47.9 
42.2 
80.75 








960 


1.82 
























23 
24 
25 
26 
27 
28 
29 
80 
81 


6.9 
80.5 
73.6 
64.2 
57.5 
46.0 
34.5 
28.0 
13.8 


10.6 
1.43 
2.27 
3.83 
4.96 
6.93 
8.63 
9.48 

10.04 


19.82 
84.25 
78.19 
70.85 
64.78 
55.25 
45.46 
34.80 
26.16 


629 

187 
810 
878 
486 
562 
604 
618 


18.68 
5.9 
10.26 
12.06 
12.94 
18.90 
14.05 
14.44 
14.04 


23.0 

0. 

86.0 

45.8 
47.8 
49.4 
45.8 
86.8 
29.1 
















1072 























82 
33 
34 
35 
36 
37 
38 
39 
40 
41 


,8.16 
112.7 
103.5 
96.5 
87.5 
73.6 
57.5 
46.0 
84.5 
18,9 


12.85 

2.68 

8.81 

4.94 

6.06 

7.76 

10.00 

11.15 

11.15 

11.15 


21.01 

117.70 

109.63 

108.76 

95.88 

83.68 

69.82 

59.47 

47.97 

33.72 


648 

140 
255 
322 
449 

584 
610 


17.60 
9.76 
12.58 
15.28 
16.18 
17.56 
18,26 
18.26 
18.80 
17.68 


19.5 
0. 

80.78 
45.0 
48.1 
54.0 ' 
53.8 
47.4 
38.7 
29.4 


. 










1235 


1.68 
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PUMP NO. 11. 
TABLE XIII. 

4 Inch Horizontal Centrifugal— Serial No. n 



Speed of 

Pump 
R. P. M. 


Run 
No. 


Pres- 
sure 
Head 
Ft. 


Suction 

Head 

Ft. 


Total 

Head 

Ft. 


Dis- 
charge 
gallons 

per 
minute. 


Horse 
Power 
deliver- 
ed to 
Pump. 


Effi- 
ciency 
of 

Pump % 


Friction 
Horse- 
power of 
Pump 
Run 
Empty. 




1 
2 
3 
4 
5 
6 
7 
8 


4.08 

5.76 

7.49 

9,22 

10.95 

12.68 

14.40 

15.50 

5.07 
8.07 
10.95 
18.82 
16.70 
19.6 
20.5 


5.39 
2.72 
2.50 
2.13 
1.99 
1.59 
1.25 
1.18 


11.42 
- 9.48 
11.99 
13.35 
14.94 
16.27 
17.65 
18.68 


819 
296 
272 
242 
177 
175 
94 



2.16 
2.15 

2.06 
1.82 
1.78 
1.52 
1.19 
.78 


42.5 

33. 

39. 

45.0 

87.6 

47.8 

85.3 












300 


.106 






















9 
10 
11 
12 
18 
14 
15 


8.68 
3.17 
2.83 
2.49 
1.98 
1.42 
1.86 


10.75 
13.24 
15.78 
18.81 
20.68 
23.02 
28.83 


289 
828 
296 
244 
177 
45 



8.10 
2.88 
2.68 
2.44 
1.98 
1.25 
.96 


25.4 
38.2 
44.0 
46.8 
46.9 
20.8 








350 


.117 






















16 
17 
18 
19 
20 
21 
22 


6.57 
9.81 
18.82 
17.29 
20.72 
24.2 
26.5 


4.42 
4.25 
8.17 
2.94 
2.04 
1.47 
1.86 


12.99 
16.06 
18.99 
22.23 
24.76 
27.67 
29.86 


420 
882 
383 
299 
236 
136 



4.39 
4.02 
8.82 
8.49 
2.81 
2.80 
1.86 


81.2 
38.5 
41.6 
48.2 
52.6 
40.9! 












400 


.181 


















28 
24 
25 
26 

27 
28 
29 


8.8 
12.69 
17.3 
21.9 
26.5 
81.1 
88.4 


5.1 

4.65 

3.68 

8.12 

2.49 " 

1.47 

1.13 


15.4 

19.34 

22.98 

27.02 

30.99 

34.57 

36.53 


516 
478 
582 
328 
266 
168 



6.88 

5.68 
5.68 
5.29 
4.38 
3.18 
1.98 


32.83 

41.20 

89.1 

42.3 

47.4 

44.7 


— 


450 


.168 




















80 
81 
32 
33 
34 
35 
36 
87 


10.84 

14.95 

19.59 

24.2 

28.8 

33.4 

38.0 

41.5 


5.94 
5.37 
4.52 
3.96 
3.89 
2.54 
1.69 
1.36 


18.28 

22.32 

26.11 

28.16 

84.2 

37.94 

41.64 

44.86 


507 
468 
487 
882 
337 
284 
247 



8.65 
8.34 
7.78 
7.04 
6.71 
5.93 
4.29 
3.46 


27.1 
81.7 
87.0 
88.7 
48.4 
45.7 












500 


.190 
























88 
39 
40 
41 
42 
43 
44 
45 


12.7 

17.9 

28.04 

28.8 

33.5 

88.6 

43.9 

50.8 


7.92 
5.65 
5.88 
5.09 
4.24 
8.28 
2.26 
1,47 


22.62 
25.55 
30.92 
35.89 
89.74 
43.88 
48.16 
54.2 


549 
517 
476 
440 
391 
330 
315 



11.29 
10.56 
10.25 
9.82 
9.10 
7.98 
6.27 
8.22 


28. 

81.4 

36.3 

46.0 

48.2 

45.9 








550 


.224 
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PUMP NO. 11. 

This is a 4" single suction centrifugal, with open impeller and 
is rated at 450 gallons per minute. The efficiency figured upon the 
makers estimate of H. P. per ft. of lift is 42 per cent. As will 
be seen from the curve sheet, Diagram X, this efficiencey is exceeded 
'• at some speeds and discharges, but at a discharge of 450 gallons 
per minute for any speed within the range of the test the efficiency 
as estimated by the makers is not exceeded. As a whole it may be 
said that a more proper rating for this pump would seem to be be- 
tween 200 and 300 gallons per minute. Judging from the practice 
of other manufacturers, however, the rating of this pump may be 
considered very conservative. 

PRACTICAL DEDUCTIONS FROM TESTS. 

It will now be profitable to inquire what bearing the results of 
the tests have upon the practical question of so selecting a pump and 
operating it that the greatest efficiency may be attained. This ques- 
tion may first be considered from the standpoint only of fuel cost, 
later the more involved question of interest, depreciation, etc., may 
be considered. Let it be assumed then that it is proposed to irri- 
gate 20 acres of orchard in the southwest where sufficient water 
is encountered at a depth of 30 ft. below the surface at the highest 
point in the tract. For various reasons a reservoir for this area 
would be absolutely essential and if this be provided, a discharge of 
from 250-300 gallons per minute would probably be found sufficient 
for successful irrigation if care is taken to use water sparingly 
and it is stored and distributed with a minimum loss. The first 
important consideration is the head against which the pump must 
elevate water. By referring to Fig. 22 it will be seen that the dis- 
tance through which the pump elevates the water during pumping is 
more than the actual distance from the ground surface to the 
natural water level because of the draw-down. * so that the total 
hydrostatic head as illustrated in Fig. 2, will be the 30 ft. above 
assumed plus the "draw-down." This should not exceed 15 ft. 
in a properly designed well and we may therefore take the total 
hydrostatic head = 45 ft. To this must also be added a certain 



*(See page 16 Bull. 71, N. M. Exper. Sta. 
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head known as the friction head which is the head lost in friction 
in the piping when discharging the given quantity of water. This 
friction head varies with the size and length of the pipe, con- 
sequently some assumption must be made with regard to the size 
of pipe. The curves shown in Diag. XI are given as an aid 
in selecting the proper size of discharge pipe, the latter being 
assumed as only of sufficient length to reach the surface and 
including one elbow and valve. The use of this diagram is 
illustrated in connection w T ith the present case Thus on the 
horizontal scale find 300 gallons and trace vertically upwards 
to the curve marked 40 ft. total lift. The lift in the present case 
is 45 ft. but since w T e can use only the nearest commercial size which 
as seen by the scale at the left is 4" pipe it is unnecessary to in- 
terpolate. Hence provisionally a 4" discharge pipe will be adopted. 
Referring now to Diagram XII we find a means of determining 
the head to be allow r ed for friction. Following vertically upwards 
from "300 gallons per minute" on the horizontal scale, at the bottom 
to the curve marked 4" pipe we find the corresponding friction 
head for 100 ft. length of pipe is about 6 ft. For an allowed 
length of 50 ft. in this case the friction head will be 3 ft. and con- 
sequently the "total head" (See Fig 2) will be 48 ft. An examina- 
tion of the characteristics of various pumps as given in the dia- 
grams will enable us to construct the following table. 

TABLE XIV. 

Speeds and Efficiencies of Various Pumps for 300 G. P. M. and 

48 ft. total Head. 



Pump 


Speed P. P. 


M. 


Effv. 


% 


Size of Dis- 


Xo. 










charge Pipe 


1 


960 




48 




2%" 


3 


1120 




45 




4" 


7 


860 




27 




6" 


8 


650 




35 




6" 


10 


900 




53 




4" 


11 


560 




45 




4" 



This table gives two criteria wnich may be used as a basis of 
selection, first the speed, second the efficiency. In general it may 
be said that a slow speed pump is preferable, unless it is to be 
driven by an electric motor (in which case a higher speed is desir- 
able particularly in direct connection) because of the longer life 
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and greater durability of bearing? of the slow speed machine. From 
this standpoint it would appear that pump Xo. 11 is preferable 
since it combines a very moderate speed with reasonably good 
efficiency. From the standpoint of efficiency, however, it is evi- 
dent that pump Xo. 10 is superior to the others, particularly since 
the speed, 900 B. P. M. is by no means excessive. In case fuel 
cost is high Xo. 10 should be chosen; if fuel cost or power coat 
is relatively unimportant, choose Xo. 11 assuming that the pumps 
themselves sell at about the same price. Under some circumstances 
it may be desirable to operate the pump for short periods at a 
greater or less capacity than that above given. It must be under- 
stood that this is a poor policy in general, for it will usually mean 
a very considerable lessening of efficiency unless the efficiency 
curve is quite flat over a considerable range of speed. The relation 
between speed, H. P. input and efficiency for any given head may 
readily be deduced from the characteristic curves of the pump 
and for the purpose of illustration this has been done for pump Xo. 
10 when working at 48 ft head. The characteristic curves for 
this case are shown in Diagram XIII. Although the total head 
will vary as the discharge changes, due to change in frictional head, 
it is difficult to show this on a diagram and consequently Diagram 
XIII merely shows how a change in speed effects efficiency, H. 
P. input and discharge when the head is constant. The condi- 
tions represented by this diagram show very closely what actu- 
ally takes place when a pumping plant operator for any reason 
changes the speed of his engine or motor or alters the ratio of driv- 
ing to driven pulleys. As may be seen from the diagram this 
pump will deliver 300 G. P. M. through 48 ft. total head when 
operated at a speed of 905 E. P. M. It will require 6.7 H. P. 
delivered at the pump pulley to accomplish this and the pump will 
have an efficiency of about 52.5 per cent. This is not the highest 
efficiency which may be attained by this pump but it is that at 
which it will operate when fulfilling nearest the required condi- 
tions. Now as may be seen from Diagram XIII the discharge 
may be increased to double the amount or to 600 gallons per minute 
by increasing the speed to about 1220 E. P. M. but it will be noted 
that the efficiency drops rapidly so that at this speed and discharge 
the efficiency is only slightly over 40 per cent, the H. P. input 
not being proportional to the discharge but increasing more rapidly 
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than the discharge increases. Consequently about 20 per cent more 
fuel will be used, or power will be consumed, per unit of water 
pumped at the higher speed than at the lower speed and it would 
evidently be unwise from the standpoint of economy to operate 
the pump for any length of time under these conditions. This 
will be especially true in case an electric motor is used, since if it 
is rated at an H. P. corresponding to the 300 gallons per minute 
discharge it will be seriously overloaded and will heat badly at the 
higher discharge if indeed it can be made to develop the greatet 
power required. The foregoing naturally brings up the question of 
the size of engine or motor' to use. For convenience the case above 
given will be considered further. As may be seen in Diagram 
XIII the actual H. P. required at the pulley of the pump for 
a discharge of 300 gallons per minute against 48 ft. total head 
is 6.7 H. P. Allowing for belt slippage and other losses, an engine 
or motor would be required rated to deliver from 7 to 8 H. P. 
Although in general a gasoline engine should give its most econom- 
ical fuel consumption at or near its rated power, the tendency ol 
most engine manufacturers seems to be to over-rate gasoline en- 
gines and it would probably be better therefore to provide 'an en- 
gine rated at 9 to 10 H. P. This will leave a slight overload capa- 
city available and the engine would probably be found to govern 
better and work more reliably than would the engine which is 
loaded up to its rating. With an engine capable of delivering 10 
H. P. it would be possible as may been seen from the curves in Dia- 
gram XIII to secure 400 G. P. M. approximately in case the 
necessity arose and provision was made for changing speed. A 
properly designed engine or motor will of course have a definite 
and fairly constant speed and although it is possible to change this 
speed over a slight range, the engine driving pulley and the pump 
pulley should be so selected that the proper pump speed will result 
as based upon the mean speed of the engine or motor. Generally 
the size of the pump- pulley is fixed and cannot be altered because 
of the design, and consequently the size of the engine pulley must 
be specified. Ordinarily it will be found expedient to use a clutch 
pulley on a gasoline engine, this being supplied at a reasonable 
price as an extra by the engine builders. Let it be assumed that 
an engine of the size contemplated runs at a speed of 300 E. P. M. 
The pump in question is to have a speed of about 900 E. P. M. 
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and it has an 8" pulley. It is -evident therefore that the engine 

900x8" 
clutch pulley should be =24" diameter and this size should 

300 

be specified when the engine is purchased. Too much emphasis 
cannot be placed on the proper selection of engine as to type and 
size and to securing the proper speed for the pump, since the econom- 
ical operation of the plant depends upon securing the highest effi- 
ciency possible from the pump and working the engine under 
such conditions as will promote the use of a minimum quantity 
of gasoline per unit of power developed. 

These desirable conditions of operation will, however, only be 
secured when those operating pumping plants or contemplating 
their erection, give their attention to the characteristics of pumps 
similar to those described and illustrated in the preceding pages 
and pump builders are willing to supply authentic curves in con- 
nection with their catalogues similar to those which follow. 
(Diagrams XIV, XV, XVI). These were furnished the writer 
through the courtesy of one of the largest builders of pumping ma- 
chinery in the country, and are particularly valuable in the light 
they throw upon the characteristics of the various sizes of pumps 
considered. 

The use of these diagrams is essentially the same as those al- 
ready described, although by them it is somewhat easier to inter- 
polate between curves. To illustrate the use of the diagrams, let 
it be supposed that it is desired to obtain 800 gallons per minute, 
pumped through a total head of 70 ft. The questions to be solved 
are (1), the best size of pump to use, (2), the efficiency at which 
it will operate, (3) the horse power necessary to be provided, (4) 
the speed at which it must operate. Let it be assumed that the 
pump is to be operated 90 days of 24 hours each during the year 
and that power is supplied by an electric motor, current for which 
costs 5c per K. W. hour.* 

*(The cost of electric power is frequently fixed by a sliding scale 
so that there is a certain minimum charge whether power is or is not 
used and the greater the amount of power used the less is the charge 
per K. W. hour. The value above given is taken for convenience and 
as representing an average for conditions in the southwest for the 
amount of power here considered.) 
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The costs of the three pumps whose characteristics are shown 
in the diagram and as arranged for connection to an electric motor 
are: 



4" pump $215.00 net F. O. B. cars factory 

5" pump $255.00 net F. 0. B. cars factory 

6" pump $300.00 net F. O. B. cars factory 

Referring to the diagrams the following information is given as 
shown in the following table : 

Table showing characteristics of three pumps delivering 800 gal- 
lons per minute through 70 ft. total head. 

Pump Speed R. P. M. Effv. % H. 1\ required 

4" 1075 41 35 

5" 785 60+ 23 

6" 690 62 24 

Although a fairly slow speed is desirable none of the speeds abov^ 
given are to be considered excessive, but, other conditions being the 
same, the 6" pump would be selected from this standpoint alone. 
In the estimate of depreciation, however, it must be assumed that 
the depreciation of each pump increases in almost direct proportion 
to its speed. Thus letting depreciation on the 6" pump be 8 per 
cent, on the 5" pump it will be 9.1 per cent on the 4" pump 12.5 
per cent. Assuming that money commands 8 per cent interest and 
that the yearly length of service as before stated is 90 days of 
24 hours each we may construct the following table giving yearly 
cost 

Pump Pump Motor Yearly Total* 

Interest and Interest and Coat of Yearly 

depreciation depreciation Power Cost 

4" $44.10 $160.00 $2820 $3024 

5" 43.60 120,00 1850 2013 

6" 48.00 120.00 1935 2103 

The final column in above table should be used as a basis of judg- 
ment in a decision as to size of pump, since it includes interest 
and depreciation on the plant and the cost of power. It is also evi- 
dent that since the 4" pump requires a larger motor because of the 
greater H. P. required it will be more expensive in first cost. It is 
evident that the 5" pump is the one which should be selected for 

♦Not including attendance and cost of lubrication, or interest and 
depreciation on other parts of plant which would in every case be 
about equal. 
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the assumed conditions. It will be noted th,at yearly cost of power 
in above example is really the decisive factor, but as may readily be 
seen this factor will decrease in importance as the number of days 
of the year during which the plant is operated is decreased. The 
foregoing method of selection of a pump is suggested as being 
advisable when curves similar to those of the diagrams are available 
and when some approximate estimate of length of time of pump- 
ing and cost of power may be obtained. 

PUMP EQUATIONS. 

An examination of the characteristic curves and an investigation 
of the efficiencies of the various pumps as given in the preceding 
pages, must lead one of an inquiring mind to wonder first, why an 
average of 50 per cent of the work or power applied to pumps of 
the types tested should be lost in transforming that work into 
energy of flowing water, and second, since the curves showing rela- 
tion between head and discharge for constant speed seem to follow 
the same law for all pumps, why it would not be possible to express 
this law by a mathematical expression containing factors which 
properly would take into account the peculiarities and proportions 
of the pump. To the solution of the first question the present 
investigation, unfortunately, can offer no clew beyond confirming 
the fact that power losses are unquestionably (and apparently un- 
necessarily) large in pumps of the size of those tested. It would 
seem to offer a very fruitful field of investigation and experimenta- 
tion, particularly on the part of manufacturers, to devise some sim- 
ple shape or arrangement of impeller and casing to do away with 
the losses from shock and friction which now accompany the change 
from velocity head to pressure head in small centrifugal pumps. We 
are creditably informed and experiments seem to show that in sizes 
of over 6" and in a few cases of that size, the designs of some 
manufacturers have been so worked out that efficiencies of well up 
towards 75 per cent have been attained. In the development of the 
underground water resources of the west, by private enterprise 
particularly, it is, however, unlikely that the 6" size of pump 
will be useful or desirable, since to develop a supply at which a 6" 
pump will operate most economically, at say the common lift of^50 
ft., will require a greater outlay for the underground portion of 
the plant than most individual owners can afford. In fact the 
limit in production of a single well may be placed at 1000 gallons 
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per minute and this may onjy be attained, under particularly fav- 
orable conditions. Consequently there seems to be in sizes below 
6" the opportunity for some manufacturer to produce a simple cen- 
trifugal pump so designed that it will equal the efficiencies attained 
by larger sizes and yet will not be unreasonably high in price. We 
( do not anticipate that in this connection the inventors and makers 
of various "freak" and "revolutionary" pumps, so frequently ad- 
vertised and exploited, are going to meet with any pronounced suc- 
cess. The spiral pumps, rotary pumps and others of like type have 
inherent defects which will probably never permit them to attain 
the efficiencies of well designed centrifugal pumps, since in the 
latter such power losses as do occur are the result of spiral or eddy- 
ing motion, shock and impact which lie at the very basis of operation 
of the other pumps. In this connection we exclude from considera- 
tion all displacement or piston pumps which by reason of their 
greater weight for a given discharge capacity, relatively greater 
cost and greater complication are only suitable for lifts exceed- 
ing the capacity of the simple centrifugal pump, which necessarily 
excludes such pumps from irrigation work except where unusually 
profitable crops may be grown. To return to the subject of loss 
of power in the centrifugal pump it may be said that it undoubtedly 
occurs through a combination of friction, shock, and eddy effects 
in all pumps, and to the eddy effects, etc., must be added the leak- 
age through clearance spaces in the more poorly designed and built 
pumps. The nature of these losses, how they vary, their relative 
or absolute amount and the best means of preventing them all 
remain yet to be discovered and the subject offers a most engaging 
field to investigators provided with the requisite equipment and 
resources. 

The second point referred to, namely the question of finding 
some expression governing the relation between discharge and head 
at constant speed, can be answered to some extent by a considera- 
tion of the theoretic relations in the light of the curves given and 
. the proportions of the various pumps. 

The chief factor in connection with the theory of centrifugal 
pumps is the head or distance through which the water may be 
pumped. This is shown by theory to be directly proportional to the 
square of the speed of the impeller or rotating part of the pump. 
The head actually realized is less than the theoretical by the effect of 
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water friction losses in the passage ways surrounding the impeller 
and leading to the pump outlet and in shock or impact effects at 
entrance to and upon leaving the impeller. We may therefore write 

Actual head=h=H — hi — h 2 — hg — h 4 

=Theoretic head — head lost in friction etc. 
Where h=actual head realized in ft. 

H=Theoretic head in ft. 

hi=head lost in impeller. 

h 2 =head lost in discharge chamber. 

h 3 =:head lost by impact at entrance to impeller. 

h 4 =head lost by impact at exit from impeller. 

Now as is well known, water friction losses are proportional to 
the square of the velocity. Hence 

Let S = velocity of water passing through impeller 
T = velocity of water in discharge chamber. 

Vi=veloeity of outer periphery of impeller. 
V 2 = velocity of inner periphery of impeller. 
R=radial velocity of water at entrance to impeller. 

Then we may write 

H=J Vi 2 

hi=MS 2 

h 2 =NT 2 

Where J, M, and N are constants of proportion. 

Impact at exit from impeller may be considered to be propor- 
tinal to some quantity PVi (S+Vi) since it is zero when Vi is 
zero, it increases as S increases and becomes merely a frictional effect 
proportional to V 2 i when S==0. In this equation P again, is a con- 
stant of proportion. The effect of impact at entrance to impeller 
may be written in a similar way, since at impending delivery there 
is no impact and the loss at entrance to impeller is then a frictional 
effect which during discharge must be proportional to the combined 
effect of radial and peripheral velocities. Hence for the loss of 
head at entrance to the impeller we may write. 

h 3 =CV 2 (R + V 2 ). 
But since R is proportional to S and since V 2 is proportional to 
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h=KiV^— RS?— &V:S 

as repreaemthiz tLe equation for the acuta! head realized by a cen- 
trifugal pump taki?^ into account losses by friction and impact. 

Q 
In this equation S may be represented by the term — where Q= the 

a 

discharge in cu. ft. per sec. and a = the total area of water passages 

through the impeller normal to the flow line at exit. Hence. 

Q* Q 

h=KiW— K 2 KtVi 



a* 



In this equation the constants Id, K3, and Ka» will evidently 
be applicable only to one type and size of pump but it is of interest 
to determine what is the absolute value of such constants and how 
they compare for different pumps. To determine the constant*, 
use was made of the method of least squares, which although very 
laborious is the only reliable method of so combining a series 
of observations that the resulting equation will bo the best possible 
average of all the observations. The method was applied to the 
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head-discharge curves of pumps Xos. 1, 3 and 10 and from these 
observations the following equations were derived :* 

D 2 N 2 Q 2 DNQ 

Pump No. 1, h=.00366 9.15 .0091 cosoc 

2g 2ga 2 2ga 

D 2 N 2 Q 2 DNQ 

Pump No. 3, h=.003355 9.31 .00947 cosoc 

2g 2ga 2 2ga 

D 2 N 2 Q 2 DNQ 

Pump No. 10, h=.00336 2.749 .0208 cosoc 

2g 2ga 2 2ga 

It will be noted that the equations have been slightly changed 
from the general form above given and that a factor "cos oc" has 
been inserted in the last member to take account of the angle of 
the vanes. In these equations 

D = Diameter of impeller over vane tips in ft. 

X = Speed of impeller in B. P. M. 

2g = Twice the acceleration due to gravity = 64.4. 

The agreement of these equations, or the curves which they rep- 
resent, with the actual curves found from the tests of the pumps is 
shown in Diagram XVII. 

As w T ill be seen the general form of the curve given by the equa- 
tion seems sufficiently close to the actual curves to warrant the 
belief that the assumptions upon which the original equation is 
based are essentially correct. It would therefore be possible by 
such an equation to predict the performance of the particular 
pump at any speed, head or discharge if two out of these three 
conditions are known." As will be seen, however, the correspond- 
ence between the constants of the three equations is not sufficiently 
close to allow the equation determined for one pump to be used 
as a basis of predicting the performance of another. It would 
seem therefore that there is still lacking some factor dependant 
upon the size or proportions of the pump which, must be used in 
the original equation to make it really general, that is, applicable 
to any series of pumps. It is thought, however, that the fact that 
an equation may be made to apply within a reasonable degree of 
accuracy to the performance of even one pump throughout the 
range of working conditions, is sufficiently interesting to be worthy 
of notice. 



TESTS OF CENTRIFUGAL PUMPS 



81 



TOTAL HEAD - TT. 



» 

B 

< 

i-i 

I 

CO 

p 
o 



B 



* O 
g-P 

P* © 
(D Jt 

si 
is 

3 m 

(D p, 

2* 

p i 



B 



B 

00 



g CD 

© 
CO 
r+ 

0> 
P 

P 

o 

CD 
(D 

O 

o 

B 
■d 

r+ 
CD 

P* 

D* 
«1 




 **l ■-- 



„1 .,.■■» V.- V 



j) aiQ1Q525MM5 




b89090525445a 



